Abstract. We have combined surface wave tomography with Ps and Sp receiver-function 9 images based on common-conversion-point (CCP) stacking to study the upper mantle velocity 10 structure, particularly the lithosphere-asthenosphere boundary (LAB), beneath eastern and 11 central Venezuela. Rayleigh phase velocities in the frequency range of 0.01-0.05 Hz (20-100 s 12 in period) were measured using the two-plane-wave method and finite-frequency kernels, and 13 then inverted on a 0.5°×0.5° grid. The phase velocity dispersion data at grid points were 14 inverted for 1D shear velocity profiles using initial crust-mantle velocity models constructed 15 from previous studies. The 3D velocity model and receiver-function images were interpreted 16 jointly to determine the depth of the LAB and other upper mantle features. The tomographic 17 images revealed two high velocity anomalies extending to more than ~200 km depth.
Introduction 31
The Southern Caribbean plate boundary has been formed by interactions between the 32 South America (SA) and Caribbean (CAR) plates since collision of northwestern Venezuela 33 with the Caribbean ~55 Ma (e.g. Kellogg and Bonini, 1982; Meschede and Frisch, 1998 ; 34
Pindell et al., 2005). GPS measurements indicate that the CAR is currently moving 35
approximately 2 cm/yr relative to SA, parallel to the strike slip fault system in the east, with 36 oblique convergence in the west (Perez et The procedure to generate Sp receiver functions is similar to the method of calculating Ps 147 receiver functions. In this case, the in-plane S wave and its precursors are deconvolved from 148 the longitudinal component to isolate S-to-P converted arrivals before the direct S (Yuan et 149 al., 2006) . In the Ps receiver function data, P-to-S conversions from upper mantle structures, 150 such as the LAB may interfere with crustal multiples, making it difficult to image the LAB 151 with Ps receiver function data. Since S-to-P conversions arrive prior to direct S, and multiple 152 reflections arrive after S, such interference does not exist in the Sp receiver function data. The 153 lower frequencies are also more appropriate for imaging gradual velocity transitions such as a 154 thermally controlled LAB. On the other hand, the spatial resolution of Sp receiver function 155 data is about 5 times coarser than that of the Ps receiver functions (Levander et al., 2011) due 156 to the lower frequency content of S-wave signals (Yuan et al, 2006) . We chose 42 events with 157 Mw > 5.7 and epicentral distances between 55° to 85° during the period of [2003] [2004] [2005] [2006] [2007] [2008] [2009] to 158 generate a total of 656 Sp receiver functions (Figure 2a) . 159
The Ps receiver functions we present in this study have a shaping filter with high corner 160 frequencies of 0.5 Hz and 1Hz, while the Sp receiver functions have 0.2 and 0.1 Hz shaping 161 8 filters. Receiver functions were calculated using both iterative deconvolution (Ligorria and 162 Ammon, 1999) and water level deconvolution (Ammon, 1991). We found that there are no 163 significant differences between the two sets of the receiver functions. 164 Given a velocity model, one can use the time differences between converted waves and 165 the direct arrival to estimate the depths of the Moho and deeper boundaries in the mantle, such 166 as the LAB. To improve the signal-to-noise ratio (SNR) of the P-to-S converted arrivals, we 167 applied the common-conversion-point (CCP) stacking method (Dueker and Sheehan, 1997) 168
with the implementation described in Levander and Miller (2012) . More specifically, we 169 divided the study area (6.5°N to 13° N, 72°W to 61°W) into a 0.25º by 0.25º grid and used a 170 circular cap with a radius of 0.75º and 1º to gather and stack the Ps and Sp receiver functions, 171 respectively. We also considered approximately elliptical Fresnel zones of the conversion 172 phases in gathering receiver functions in each cap. The transverse diameter of the Fresnel 173 zone at 50 km depth is ~0.2º and ~5.9º for a Ps and Sp conversion phases with a dominant 174 frequency of 1 and 0.2 Hz, respectively. In Figure 2c and 2d, we show the distribution of the 175 specular conversion points of the Ps and Sp phases at 50 km depth. The Ps conversion points 176 cluster more closely to the stations than do the Sp conversions since the Ps rays have much 177 steeper incidence angles than Sp rays. Thus the lateral continuity of the Ps receiver function 178 images is relatively poor, especially in the western part of the study area. 179
Finite Frequency Rayleigh wave tomography 180
In order to determine the three-dimensional shear wave velocity structure within the study 181 area, we used the two-step inversion technique developed by Yang and Forsyth (2006a) . The 182 first stage involves computing 2-D phase velocities using the two plane-wave method 183 9 multipathing of the incoming wavefield. Finite-frequency amplitude and phase sensitivity 185 kernels were used to improve lateral resolution (Yang & Forsyth, 2006b) . A previous 186 investigation of this area using the same dataset (Miller et al., 2009 ) did not make use of the 187 finite-frequency kernels to determine phase velocities. Also one concern on Miller et al. 188
(2009) is that the study area might be too large to be suitable for the existing two-plane wave 189 method. We thus decided to divided the study area of Synthetic phase velocity data were computed along the 625 raypaths measured at 45 s period 206 (Figure 2e) . We inverted the synthetic data utilizing the same parameterization employed in 207 the inversion of real data. We found that our data coverage is not dense enough to evenly 208 recover the 0.5°x0.5° checkerboard anomalies, but are able to resolve the 1°x1° patterns very 209 well ( Figure 2f ). We also conducted similar tests with the raypath coverage of other periods to 210 ensure that each period has enough data to resolve the 1°x1° cells. The lateral resolution of 211 our data is thus expected to be ~100 km in most places, and could reach ~50 km in some 212 densely instrumented areas. 213
We inverted for the isotropic phase velocities at all the periods ranging from 20 to 100 s 214 on a 0.5°×0.5° grid (Table 1 ). Figure 3a shows the observed average phase velocities of the 215 study area, which vary from 3.488 km/s at 20 s to 4.122 km/s at 100 s (Table 1 ). We inverted the phase velocity dispersion for 1D Vs structure at each grid point using 224 DISPER80 code (Saito, 1988) , employing as initial models the 3D starting velocity model 225 described in section 2.2. We tested various damping parameters, calculated the L curve, and 226 selected an optimum value of 0.25 (Figure 3b ). The optimum value of the damping parameter 227 agrees with those used in previous studies that employed the same inversion method (Schutt 228 et al., 2008; Liu et al., 2011) . We finally assembled the resulting 1D shear velocity profiles at 229 11 each grid point forming a pseudo-3D velocity volume that extends to a depth of ~200 km 230 ( Figure 5) . The 3D Vs model is described below. 231
Results and Discussion 232
In the following sections, we will describe the main features from the receiver function and 233 surface wave tomography images from the crust down, followed by a discussion of 234 geodynamic implications. 
LAB and Upper Mantle Structures 293
The lithosphere is usually referred to as the mechanically strong layer that acts as a rigid plate 294 Vertical gradients of geophysical properties have been used as a proxy to identify the LAB, 297 We used the Rayleigh wave tomography model and the receiver function data together to 300 make two separate, largely consistent, LAB depth estimates. It can be challenging to identify 301 the LAB from receiver function data when there are either multiple peaks or essentially no 302 distinct peaks in the stacked traces. The latter occurs if the LAB is such a gradual boundary 303 that it generates little S-to-P or P-to-S converted energy (Yuan and Romanowicz, 2010) . Figure 9 , most of the 310 velocity profiles start with a relatively steep velocity drop, followed by a gradual recovery in 311 velocity as depth increases, thus the center of the shallowest negative velocity gradient 312 usually agrees with the largest negative velocity gradient. Since the LAB may represent a 313 boundary between a dry, cold, deplete lithosphere and a wet, warmer and fertile 314 asthenosphere, the largest velocity drop in the upper mantle may occur at this boundary. In 315 this case the LAB represents the largest negative velocity gradient. We also repeated the 316 surface wave tomography Vs inversions using a 1D initial model, AK135 (Kennett et al., 317 1995) and found that the negative velocity gradient is a robust structure. We choose an LAB 318 that is consistent between the datasets; for instance, we select the one that is closest to the 319 value from the surface wave data when several peaks are present in the receiver function data. 320 If there are no distinct peaks in the RF CCP stack, we take the value from the surface wave Vs 321 model. Lateral variations of the LAB depth estimated from receiver function and surface 322 wave data are shown in Figures 10a and 10b , respectively, with an error of ±10 km estimated 323 with a bootstrap method (Efron and Tibshirani, 1986). In general, the LAB depths estimated 324 from the two types of data agree reasonably well (< 7% difference on average), while the map 325 resulting from surface wave data appears to have better lateral resolution than the receiver 326 function map. In western Venezuela where there is no overlap between the 2 datasets, we 327 estimated LAB depth from the receiver functions only. 328
The estimated lithosphere thickness shows a significant variation across the study area, 329
and it seems that lithosphere beneath eastern Venezuela is significantly thicker than the one difficult to distinguish between the two interpretations directly from our tomographic images, 386 the latter provides a better explanation of the observed lithosphere thickness variation under 387 SA as described before, and it is also geometrically difficult to achieve a simultaneous 388 shield is featured by low velocity at the 34s phase-velocity map, but exhibits relatively high 455 velocity on the 25s and 50s map, which might be caused by lateral variations in Moho depth. 456 
